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Key Points
•Basal intracellular Ca21
levels and migration
increase with higher
CD38 expression in
CLL cells.
• Rap1 and the Rap1
guanine-nucleotide
exchange factor
RasGRP2 are required
for CLL migration and
regulated by CD38
levels.
CD38 is a transmembrane exoenzyme that is associated with poor prognosis in chronic
lymphocytic leukemia (CLL). High CD38 levels in CLL cells are linked to increased cell
migration, but the molecular basis is unknown. CD38 produces nicotinic acid adenine
dinucleotide phosphate and adenosine 59-diphosphate-ribose, both of which can act to
increase intracellular Ca21 levels. Here we show that CD38 expression increases basal
intracellular Ca21 levels and stimulates CLL cell migration bothwith andwithout chemokine
stimulation. We ﬁnd that CD38 acts via intracellular Ca21 to increase the activity of the
Ras family GTPase Rap1, which is in turn regulated by the Ca21-sensitive Rap1 guanine-
nucleotide exchange factor RasGRP2. Both Rap1 and RasGRP2 are required for CLL cell
migration, and RasGRP2 is polarized in primary CLL cells with high CD38 levels. These
results indicate that CD38 promotes RasGRP2/Rap1-mediated CLL cell adhesion and
migration by increasing intracellular Ca21 levels.
Introduction
Chronic lymphocytic leukemia (CLL) is a cancer of B cells, and one of the most common leukemias in
adults. CLL is highly heterogeneous: some patients present with an indolent form, whereas others
progress rapidly despite aggressive therapy.1 Disease progression is associated with an increase in CLL
cell infiltration of secondary lymphoid tissues and bone marrow, leading to immune dysfunction and bone
marrow failure. Within lymphoid niches, but not in the peripheral blood, B-cell receptor (BCR) signaling
and microenvironmental stimuli induce CLL cell proliferation.2,3 CLL cell trafficking to and retention
within lymphoid niches may therefore play a key role in disease progression. Notably, clinically
successful BCR signaling inhibitors, such as the Btk inhibitor ibrutinib and PI-3-kinase-d inhibitor
idelalisib, alter CLL cell trafficking, leading to a decrease in CLL cells in lymphoid tissues and
accumulation in the blood.4-7
Several prognostic markers for CLL are implicated in cell adhesion and migration, including the ecto-
enzyme CD38 and the tyrosine kinase ZAP70.8,9 Other proteins involved in cell adhesion and migration
are also associated with disease progression, including the integrin a4/CD49d, the matrix metalloprotease
MMP9, and the adhesion molecule CD44.10-14
CD38 is a type II transmembrane protein of the adenosine 59-diphosphate-ribosyl transferase family. The
C-terminal extracellular domain of CD38 is an enzyme that converts nicotinamide adenine dinucleotide
to adenosine 59-diphosphate-ribose (ADPR) and cyclic ADP-ribose (cADPR), and nicotinamide adenine
dinucleotide phosphate to nicotinic acid adenine dinucleotide phosphate (NAADP).15-17 These
products can induce an increase in intracellular Ca21. CD38 is considered a potential therapeutic
target in patients with CLL, either using neutralizing antibodies or enzyme inhibitors.18,19 Indeed, an
enzymatically inactive CD38 is unable to support disease progression in a xenograft model for CLL.20
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Increasing evidence indicates that CD38 is involved in CLL cell
trafficking. For example, higher CD38 levels correlate with increased
chemotaxis of CLL cells toward chemokines such as CCL21 and
CXCL12, which are present in lymph nodes and likely to regulate CLL
cell accumulation in lymphoid niches.20,21 In addition, increased
CD38 expression correlates with higher integrin-mediated adhesion
to VCAM-1.22 In the human CLL cell line MEC1, overexpression
of wild-type but not enzymatically inactive CD38 increases cell
migration.20 Together, these results suggest that the catalytic
function of CD38 modulates CLL cell adhesion and motility, but
the signaling pathways underlying these processes have not been
elucidated so far.
Here we investigate the molecular basis for the effects of CD38
on CLL cell migration. We show that CD38 expression stimulates
basal as well as chemokine-driven migration. CD38 increases basal
intracellular Ca21 levels, which in turn activates the small GTPase
Rap1 via a guanine-nucleotide exchange factor (GEF) for Rap1,
RasGRP2, which is likely to be Ca21-regulated.23 Rap1 is known
to stimulate integrin activation,24,25 and hence this pathway could
provide a new therapeutic strategy to inhibit trafficking of CLL cells
into lymphoid niches.
Methods
Cell culture and patient samples
Blood samples from patients with a confirmed CLL diagnosis were
collected after informed consent and in accordance with the
Declaration of Helsinki (see supplemental Table 1 for patient
characteristics). Ethical approval was obtained from the United
Kingdom National Research Ethics Service (08/H0906/94); all
patients provided informed written consent. Peripheral blood
mononuclear cells were isolated by Ficoll density gradient centrifu-
gation and cryopreserved in aliquots. Thawed cells were cultured
in RPMI-1640 containing 10% heat-inactivated fetal calf serum
(FCS) and 1% bovine serum albumin (BSA). CD38 expression
and B-cell markers were assessed by flow cytometry with anti-
CD5-fluorescein isothiocyanate, anti-CD19-phycoerythrin, and
anti-CD38-phycoerythrin-Cy5 (Beckman Coulter).
The human MEC1 cell line (kind gift from John Gribben, Queen
Mary University of London, London, United Kingdom) was cultured
in IMDM containing 2 mM glutamine and 10% FCS. HEK293T cells
were cultured in DMEM containing 10% FCS. All media contained
penicillin (100 U/mL) and streptomycin (100 mg/mL).
Generation of MEC1 cell populations
Lentiviral particles were obtained by co-transfecting HEK293T cells
with 3 vectors: pD8.91, pMDG, and vectors expressing CD38
or GFP (pLentiS38W or pLentiSEW, respectively26). Lentiviral
particles were added to MEC1 cells, and cells were centrifuged
at 200g for 1 hour. CD381 cells, labeled with phycoerythrin-
conjugated anti-CD38 antibody (clone HB7; BD Bioscience),
and GFP1 cells were sorted with a FACSAria II Cell Sorter (BD
Bioscience). Cell populations were used for experiments at least
3 passages after sorting.
siRNA transfection
The siRNA oligonucleotides (Dharmacon) used were RasGRP2
(siRNA1:GUGCAAGGAUCGCCUGUCA; siRNA2: CCAAUUCCCU-
GCAGGUGAA), RasGRP3 (siRNA1: GGAGAAAGCUGCAAUGAAU;
siRNA2: GAAUGCCUCUCACCACUUA), Rap1A (siRNA1: GAUA-
GAAGAUUCCUACAGA; siRNA2: CAAUAAAUGUGACCUGGAA),
Rap1B (siRNA1: GAACAACUGUGCAUUCUUA, siRNA2: CAAU-
GAUUCUUGUUGGUAA), and control nontargeting siRNA
(D-001810-02). MEC1 cells (5 3 106) were transfected with 1.2 mM
siRNA in 100 mL human B-cell Nucleofector Kit (Lonza), using an
Amaxa nucleofector. Experiments were performed 72 hours after
siRNA nucleofection.
Migration assay
MEC1 (3 3 105) or primary CLL cells (5 3 105) were added to
VCAM-1-coated (5 mg/mL) 6.5-mm diameter transwells (5-mm pore),
and 600 mL medium with or without 100 ng/mL CCL21 (R&D
Systems) was added to bottom chambers. MEC1 cells in bottom
chambers were counted after 2 hours, using a Casy cell counter
(Scha¨rfe System). The migration index for MEC1 cells was calculated
by normalizing the values to control MEC1-GFP cells without chemo-
kine or transfected with control siRNA. For primary CLL cells, 300-mL
aliquots were harvested from bottom chambers after 16 hours, and
the absolute number of migrated cells was determined with Count-
Bright beads for flow cytometry (Molecular Probes) according to the
manufacturer’s instructions. Cells in the remaining 300mL of the bottom
chambers were labeled with anti-CD19-fluorescein isothiocyanate
antibody (BD-Bioscience) and analyzed using a FACS CantoII (BD-
Bioscience) to determine the percentage of CD191 CLL cells within
the total migrated cells.
GTPase activity assay
MEC1 (33 106) and primary CLL cells (13 107) were lysed in ice-
cold pull-down buffer containing 50 mM Tris×HCl (pH 7.4), 150 mM
NaCl, 10 mM MgCl2, 1% Triton X-100, 0.5% deoxycholic acid,
0.1% SDS, 2.5 mM EGTA, 50 mM NaF, 1 mM Na3VO4, 1 mM
PMSF, and protease inhibitors (Complete, Roche Applied Science).
Aliquots of clarified lysates were used to determine total protein
levels. GST-fusion proteins containing RalGDS-RBD or PAK-PBD,
purified from Escherichia coli as described,27 were immobilized onto
glutathione-Sepharose beads (Amersham Bioscience) and used
to capture active Rap1-GTP or Rac1-GTP, respectively, from cell
lysates. Proteins were eluted from beads using Laemmli’s sample
buffer, and analyzed by western blotting.
Western blotting
Cell lysates were separated on 4% to 12% Bis-Tris polyacrylamide
gels (Invitrogen) and transferred to nitrocellulose membranes.
Membranes were incubated in blocking solution (5% nonfat dried
milk or 5% BSA in TBS containing 0.1% Tween-20) before protein
detection with the following antibodies (diluted 1:250 to 1:10,000
in blocking solution): anti-Rap1a/Rap1b (26B4, Cell Signaling),
anti-Rac1 (23A8, Upstate-Millipore), anti-Rap1a (Santa Cruz), anti-
Rap1b (36E1, Cell Signaling), anti-RasGRP2 (ThermoScientific),
anti-RasGRP3 (Cell Signaling), and anti-GAPDH (Upstate-Millipore).
Densitometry analysis was performed using ImageJ software.
Intracellular Ca21 depletion
For Rap1 activity assays, MEC1 and primary CLL cells were
resuspended in PBS without CaCl2 or MgCl2 for 10 minutes before
incubating with 0.5 mM ionomycin for 5 minutes. Control cells were
resuspended in PBS containing 0.9 mM CaCl2 and 0.5 mM MgCl2
and treated with dimethyl sulfoxide instead of ionomycin. For migration
assays, MEC1 cells were treated with 0.5 mM ionomycin in low
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Ca21 medium (Ca21-free DMEM, 10% FCS, and 5 mM EDTA) for
5 minutes and then resuspended in low-Ca21medium. Control cells
were treated with dimethyl sulfoxide instead of ionomycin in
standard medium (DMEM with Ca21 and 10% FCS).
Intracellular Ca21 detection and F-actin
content measurement
To measure intracellular Ca21 levels, MEC1 cells or primary CLL cells
(33106/mL) were incubated with 1mM Indo1-AM (Life Technologies)
for 1 hour at 37°C. Cells were washed, resuspended in fresh medium,
and incubated at 37°C for 30 minutes and then stored on ice before
being warmed to 37°C for 5 minutes for experiments. Ca21-free and
Ca21-bound Indo-1 emission wavelengths (420 and 510 nm) were
recorded on a BD LSRFortessa flow cytometer (BD Biosciences) in
unstimulated cells for up to 1 minute before stimulation with CCL21
(100 ng/mL) for 2 minutes. Ionomycin (1 mM) was used to induce
Ca21 influx as a positive control. The ratio between the 2 Indo1
emission wavelengths (420 nm/510 nm, termed Ratio Indo1)
was measured using FlowJo software (Tree Star) and represents the
intracellular free Ca21 levels.
To measure F-actin levels, MEC1 cells were fixed with 4% para-
formaldehyde and permeabilized with 0.1% Triton X-100 in PBS.
Cells were incubated in blocking solution (3% BSA in PBS) for
1 hour and then stained with Alexa Fluor 647–conjugated phalloidin
(2 units/13 105 cells in blocking solution) for 1 hour and analyzed by
flow cytometry (FACS CantoII).
Microscopy and image analysis
MEC1 and primary CLL cells were seeded on VCAM-1-coated
coverslips (5 mg/mL; R&D Systems) or 0.01% poly-L-lysine. Cells
were then fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100, blocked with 3% BSA, and incubated with anti-
RasGRP2 (1:200; Thermo Scientific, PA5-28865) or anti-CD38
(1:100; Abcam, ab33535) antibody followed by Alexa Fluor 546–
or 488–conjugated secondary antibody (Life Technologies). F-actin
was visualized with Alexa Fluor 488- or 633-conjugated phalloidin
(Invitrogen). Cells were imaged with a LSM510 confocal micro-
scope, using Zen software (Zeiss).
RasGRP2 distribution was quantified with the Oval Profile plug-in of
ImageJ. A circle was drawn around each cell, and a Radial Sum
profile plot was generated, representing the interpolated pixel
intensities (from the circle center to the periphery) along 360 radii.
The 360 values obtained per cell were then sorted from the lowest
to the highest to calculate the slope of the curve, which reflects the
variation of fluorescence around the cell. A slope score of 0 (straight
horizontal line) represents no variation within the 360 radii; hence, a
uniformly distributed fluorescence signal (low polarization) and a
high positive slope score represent a high variation of the fluorescence
localization along the radii (high polarization).
Interference reflection microscopy (IRM) was used to produce
images containing only the regions of close contact between the
cell and the adhesive surface.28 Bright field and IRM images were
obtained simultaneously on a LSM510 confocal microscope. The
cell attachment area was quantified from IRM images using ImageJ.
Statistical analysis
Statistical significance was determined with 2-tailed Student t test
using IBM SPSS Statistic or GraphPad Prism software.
Results
CD38 expression promotes CLL cell migration
and cell spreading
To investigate the effects of CD38 expression on cell motility,
we transfected the CLL-derived MEC1 cell line, which does not
express endogenous surface CD38,20 with a lentivirus encoding
CD38 or a control GFP-encoding lentivirus. Stably expressing
CD381 (termed MEC1-CD38H) and GFP1 (termed MEC1-GFP)
cells were sorted by FACS, and CD38 expression was monitored
by flow cytometry (supplemental Figure 1A).
Previous studies have shown that expression of CD38 in CLL
cells is associated with enhanced cell migration in response
to a chemokine gradient.20,21 We sought to assess whether
CD38 expression is specifically linked to chemokine-directed cell
migration or whether its expression also alters basal cell motility. In
transwell assays, MEC1-CD38H cells not only exhibited higher
chemotaxis toward CCL21 compared with MEC1-GFP cells, in
agreement with previous observations,20,21 but also showed in-
creased migration in the absence of chemokine (Figure 1A). The
higher migration toward CCL21 was not a result of different levels of
its receptor CCR7 between MEC1-GFP and MEC1-CD38H cells
(supplemental Figure 1B), and is instead likely to be a result of
the increased basal migration.
Given that CD38 enhanced MEC1 cell basal migration, we
tested whether CD38 expression levels affected the basal
migration of primary human CLL cells. Samples were categorized
into CD38low and CD38high cells, based on a cutoff value of 30%
of CD381 CLL cells, for CD38high. Consistent with our findings
with MEC1 cells, high CD38 expression was associated with
increased CLL cell basal migration (Figure 1B; supplemental
Figure 1C).
To determine how CD38 might regulate cell migration in the
absence of added chemokine, we initially evaluated its effect on cell
adhesiveness, which is an important component of cell migration.29
We used IRM to measure MEC1-GFP and MEC1-CD38H cell
spreading on VCAM-1. MEC1-CD38H cells showed a significantly
increased spreading compared with MEC1-GFP cells (Figure 1C).
This was not a result of any difference in expression of the
VCAM-1 ligands a4- (CD49d) and b1-integrin (CD29) between
MEC1-GFP and MEC1-CD38H cells (supplemental Figure 1D-E),
but correlated with an increased level of polymerized actin
(F-actin) in MEC1-CD38H compared with MEC1-GFP (Figure 1D).
Taken together, these results indicate that CD38 directly alters
CLL cell motility by enhancing cell spreading and intrinsic cell
migration.
CD38 stimulates cell migration via the GTPase Rap1
To determine the molecular basis for the effects of CD38 on CLL
cell adhesion and migration, we tested the role of Rap and Rac
GTPases, because they are known to stimulate leukocyte adhesion,
polarization, and migration.30,31
To investigate whether Rap1 or Rac1 is involved in the motility of
CD38-expressing cells, we first measured their activity in the 2 MEC1
cell populations. The level of active Rap1-GTP was significantly
higher in MEC1-CD38H compared with MEC1-GFP cells, both in
basal conditions and after CCL21 stimulation (Figure 2A). Total
Rap1 levels were not affected by CD38 expression (Figure 2A).
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In contrast, Rac1 activity did not differ between MEC1-GFP and
MEC1-CD38H cells, and Rac1 activity was not increased by
CCL21 stimulation (supplemental Figure 2A-B). These results
are in agreement with recent observations showing that in CLL
cells, in contrast with normal B cells, Rac1 is not activated by
chemokines and does not contribute to CLL cell motility.32
To explore the effects of the differential Rap1 activity on CLL cell
motility, we used siRNAs to knockdown the expression of the 2 Rap1
proteins, Rap1a and Rap1b (Figure 2B; supplemental Figure 2C-D).
Downregulation of Rap1a and Rap1b significantly impaired both
basal migration and CCL21-stimulated migration (Figure 2C-D;
supplemental Figure 2E-F). Notably, MEC1-CD38H cells exhibited a
more pronounced decrease in migration compared with MEC1-GFP
control cells on Rap1a or Rap1b depletion (supplemental Figure 2G).
This indicates that the higher basal Rap1 activity of CD38-expressing
MEC1 cells contributes to their increased migration.31
Rap1 activity in CD38-expressing CLL cells is linked to
basal intracellular Ca21 levels
CD38 is an ectoenzyme that catalyzes the synthesis of 3 different
products (NAADP, cADPR, and ADPR) involved in increasing
intracellular Ca21 levels.20,33-35 We therefore analyzed the effect of
CD38 expression on Ca21 levels. MEC1-CD38H cells exhibited
higher Ca21 levels both under basal conditions and after CCL21
stimulation compared with MEC1-GFP cells (Figure 3A-B; supple-
mental Figure 3A). The higher intracellular Ca21 in MEC1-CD38H
cells after CCL21 addition reflects the increased basal Ca21 levels,
as there was no difference between the 2 populations in CCL21-
induced Ca21 levels when the basal levels were normalized to each
other (supplemental Figure 3B).
We further investigated the link between CD38 and basal Ca21
levels by comparing Ca21 levels between CD38low and CD38high
primary CLL samples (n 5 17 patients with CLL analyzed in
3 independent experiments). Because of the inherent interex-
perimental variability, Ca21 levels of primary CLL cells were compared
between samples in the same experiment. CD38high samples
showed significantly higher basal Ca21 levels compared with
CD38low samples (Figure 3C-D). No detectable changes in Ca21
levels were observed after CCL21 stimulation in the samples
analyzed (data not shown).
Previous studies have shown a role of agonist-mediated increases
in intracellular Ca21 in Rap1 activation.36 However, little is known
about how basal Ca21 levels affect Rap1 activity. We therefore
asked whether the elevated basal Ca21 observed in CD38-expressing
cells was linked to their levels of active Rap1. We depleted
intracellular Ca21 in MEC1 cells by treatment with the Ca21
ionophore ionomycin in a Ca21-free solution. This lowered in-
tracellular Ca21 concentration in MEC1-GFP and MEC1-CD38H
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Figure 1. CD38 expression increases CLL cell migration and cell spreading. (A) MEC1-GFP and MEC1-CD38H cells were added to VCAM-1-coated transwell filters in
the absence or presence of 100 ng/mL CCL21 in the bottom chamber. The migration index was obtained by normalizing the values to the MEC1-GFP control cells. Data
shown are the mean of 3 independent experiments 6 SEM. (B) Peripheral blood mononuclear cells from 11 patients with CLL were added to VCAM-1-coated transwell filters;
values represent the percentage of CD191 migrated cells divided by the total number of CD191 cells added to the filter. Horizontal bars indicate mean values of migrating
cells for CD38low (n 5 6) and CD38high (n 5 5) CLL samples. (C) Representative images of fixed cells and quantification of the cell attachment area (mm2) of MEC1-GFP and
MEC1-CD38H cells seeded on VCAM-1 (n $ 100 cells per population from 3 independent experiments). Scale bar, 10 mm. (D) MEC1-GFP and MEC1-CD38H cells were
stained with Alexa Fluor 647–conjugated phalloidin and analyzed by flow cytometry. Values were obtained by normalizing the median fluorescent intensity to the MEC1-GFP
control cells. Data shown are the mean of 5 independent experiments 6 SEM. Horizontal bars indicate mean values 6 SEM. *P , .05; **P , .01; *** P , .001 determined by
2-tailed Student t test. BF, bright field; IRM, interference reflection microscopy.
1554 MELE et al 10 JULY 2018 x VOLUME 2, NUMBER 13
cells to the same level (supplemental Figure 3C). Rap1 activity was
significantly reduced in MEC1-CD38H cells but not in MEC1-GFP
cells after Ca21 depletion (Figure 4A). This indicates that the higher
Rap1 activity in MEC1-CD38H cells, compared with MEC1-GFP
cells, is linked to their higher basal intracellular Ca21. Consistent
with our observations that Rap1 is important for CLL migration,
Ca21 depletion strongly decreased basal MEC1-CD38H cell
migration (Figure 4B) without affecting cell viability (supplemental
Figure 3D).
We then investigated Rap1 activity and the effect of Ca21 depletion
in CD38high and CD38low primary CLL samples. In line with the
results in MEC1 cells, the CD38high samples had a markedly higher
basal Rap1 activity compared with the CD38low samples (Figure 4C),
whereas there was only a small variation in the total Rap1 expression
between samples (supplemental Figure 3E). Rap1 activates integrins,
and surface a4-integrin levels positively correlated with CD38
expression (supplemental Figure 3F), in agreement with previous
reports.10,37 Moreover, Ca21 depletion reduced Rap1 activity in
all the CD38high samples. Because of the very low Rap1-GTP
levels in the CD38low samples, it was not possible to observe the
effect of Ca21 depletion.
These results indicate that high CD38 expression in CLL cells is
associated with elevated basal intracellular Ca21 levels, which
leads to increased Rap1 activity and, in turn, affects integrin-
mediated adhesion and intrinsic cell migration.
Cell migration in CD38-expressing cells is dependent
on the Rap1 GEF RasGRP2
Rap1 is activated by GEFs, which stimulate exchange of GDP for
GTP. The Rap-GEFs RasGRP2 and RasGRP3 have 2 Ca21-binding
domains as well as the GEF domain,38 suggesting that RasGRPs
could link Rap1 to Ca21 signaling.39-41We therefore investigated the
contribution of these Rap-GEFs to MEC1 cell migration. Depletion of
RasGRP2 (Figure 5A; supplemental Figure 4A) reduced basal
migration in MEC1-C38H but not MEC1-GFP cells (Figure 5B;
supplemental Figure 4B). In contrast, RasGRP3 depletion did not
affect the migration of either cell population (Figure 5B; supple-
mental Figure 4B). RasGRP2 expression was similar in the 2 MEC1
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Figure 2. CD38 increases Rap1 activity that is required
for cell motility. (A) Representative blot (left) and quantifica-
tion (right) of active Rap1-GTP levels, assessed by Rap1
pulldown assays, in MEC1-GFP and MEC1-CD38H cells
untreated or treated with CCL21 (100 ng/mL) for the indicated
times. Graph shows the mean of 3 independent experiments
6 SEM. Relative active Rap1 levels were obtained by
normalizing each value to the untreated MEC1-GFP control
cells. *P , .05; **P , .01 determined by 2-tailed Student t test.
(B-D) MEC1-GFP and MEC1-CD38H cells were transfected
with siRNAs targeting Rap1a or Rap1b. (B) Representative
blots of Rap1a and Rap1b expression levels in MEC1-GFP and
MEC1-CD38H cells. (C-D) Migration of MEC1-GFP and
MEC1-CD38H cells through transwell filters after Rap1a (C) or
Rap1b depletion (D). The migration index was obtained by
normalizing the values to the MEC1-GFP control cells. Data
shown are the mean of 3 independent experiments 6 SEM.
*P , .05; **P , .01 determined by 2-tailed Student t test.
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cell populations (supplemental Figure 4A). Surprisingly, RasGRP2
knockdown in MEC1-GFP cells resulted in a reduction of basal
Rap1 activity to a similar extent as in MEC1-CD38H cells
(Figure 5C), suggesting that the RasGRP2-Rap1 signaling axis is
active in both cell populations, but its role in cell migration is limited
to MEC1-CD38H cells.
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Figure 3. CD38 expression is associated with elevated
basal Ca21 levels. MEC1-GFP, MEC1-CD38H, and primary
CLL cells with varying CD38 expression levels (n 5 17 patient
samples, analyzed in 3 independent experiments) were incubated
with the ratiometric Ca21 indicator Indo-1 and analyzed by flow
cytometry. The basal fluorescence level was recorded for
60 seconds before stimulation with CCL21 (100 ng/mL) for a
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Figure 4. Elevated Rap1 activity and migration in CD38-
expressing CLL cells is linked to intracellular basal Ca21.
Cells were depleted of intracellular Ca21, as indicated (Meth-
ods). (A) Rap1 activity assays. Representative western blot
(left) and quantification (right) of basal active Rap1 in MEC1-
GFP and MEC1-CD38H cells. Relative active Rap1 levels were
obtained by normalizing each value to the MEC1-GFP control
cells. Graph shows the mean of 3 independent experiments
6 SEM. *P , .05; **P , .01 determined by 2-tailed Student t
test. (B) Migration of MEC1-CD38H cells through transwell filters
after calcium depletion. Values represent the percentage of
migrated cells divided by the total number of cells added to
the filter. Data shown are the mean of 3 independent experiments
6 SEM. *P , .05 determined by 2-tailed Student t test. (C)
Western blot (top) and quantification (bottom) of basal active
Rap1 in primary CLL cells with varying CD38 expression levels
(n 5 6 CLL patient samples). ns, not significant.
1556 MELE et al 10 JULY 2018 x VOLUME 2, NUMBER 13
CD38 expression did not affect RasGRP2 expression, either in
MEC1 cells (Figure 5A) or primary CLL cells (supplemental
Figure 5A). We therefore hypothesized that CD38 could alter the
subcellular localization of RasGRP2, which could in turn explain the
specific role of RasGRP2 in cell migration. Indeed, RasGRP2
localization was strongly polarized to the lamellipodial regions of
MEC1-CD38H cells, whereas it was mostly diffusely localized in the
cytoplasm in MEC1-GFP cells (Figure 6A-C). We next investigated
RasGRP2 localization in primary CLL samples. We took advantage
of the morphological roundness of CLL cells to analyze and score
the variability in RasGRP2 distribution around each cell (supple-
mental Figure 5B-C), termed RasGRP2 polarization index. Overall,
CD38high samples exhibited a stronger RasGRP2 polarization
(Figure 6D-E). CD38 partially colocalized with RasGRP2 at the cell
periphery, although CD38 also localized to intracellular compart-
ments (supplemental Figure 5D-E). CD38 expression therefore
induces polarized RasGRP2 localization, which likely accounts for
the differential Rap1 activity associated with CLL cell migration.
Discussion
High CD38 expression is known to correlate with increased CLL
cell motility, but the molecular basis for this is unclear. Here we
show that RasGRP2/Rap1 signaling is functionally linked to the
CD38-associated increased CLL cell migration. We find that CD38
expression levels, either ectopically expressed in the CLL-derived
cell line MEC1 or endogenously expressed in primary CLL cells,
correlate with higher basal migration. This is associated with increased
cell spreading and higher Rap1 activity. Basal Rap1-GTP levels are
higher in CD38high compared with CD38low primary CLL samples.
Rap1 is known to stimulate integrin activation, cytoskeleton rearrange-
ments, and cell polarization both in the presence and absence of
a chemokine gradient.42,43 We observed that Rap1a and Rap1b
depletion abolished the migratory advantage of MEC1-CD38H cells.
This indicates that Rap1 activity contributes to the increased migration
and adhesion linked to CD38 expression.20,22
Intriguingly, some previous studies indicate a potential role for Rap1
in CLL pathogenesis, which may have been underestimated. First, a
fraction of mice deficient for the Rap1 GTPase-activating protein
SIPA1 (also known as SPA-1), hence with higher Rap1 activity,
showed splenomegaly and lymphadenopathy with an increased
number of self-reactive CD51 B cells resembling human CLL.44
In addition, SIPA1 mRNA expression was lower in CLL cells
compared with normal peripheral blood CD51 B cells.45 Moreover,
Rap1 activation by cAMP through the Rap-GEF EPAC reduced
basal apoptosis in CLL cells,46 suggesting Rap1 regulates both
CLL cell motility and survival. Furthermore, it was reported that
defective chemokine-induced Rap1 activation may be linked to
impaired motility in a subset of primary CLL cells.47 Therefore, the fact
that we have functionally linked CD38 expression and Rap1 activity is
particularly relevant in CLL pathology.
CD38 contributes to intracellular Ca21 levels and chemotaxis in
mouse neutrophils and dendritic cells, at least in part by producing
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Figure 5. The Rap1 GEF RasGRP2 is required for the enhanced migration of MEC1-CD38H cells. MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs
targeting RasGRP2 or RasGRP3. (A) Representative blots of RasGRP2 and RasGRP3 expression levels. (B) Migration of MEC1-GFP and MEC1-CD38H cells through
transwell filters upon RasGRP2 and RasGRP3 depletion. The migration index was obtained by normalizing the values to the MEC1-GFP control cells. Data shown are the
mean of 3 independent experiments 6 SEM. *P , .05, determined by 2-tailed Student t test. (C) Representative blot (left) and quantification (right) of active Rap1-GTP levels
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Student t test.
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NAADP, cADPR, and ADPR.48,49 In MEC1 cells, exogenous CD38
expression increases production of NAADP and cADPR.20 Here we
show that ectopic CD38 expression increases Ca21 levels in MEC1
cells. This effect was restricted to unstimulated cells; no significant
difference was observed in CCL21-induced Ca21 mobilization
between CD38-expressing and control MEC1 cells. In contrast,
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another group reported that CD38-expressing MEC1 cells had a
higher increase in intracellular Ca21 after chemokine stimulation
compared with control cells.20 Despite the apparent discrepancy,
those data are consistent with our findings, as cells were stimulated
with chemokines for 24 hours, suggesting that CD38 expression in
CLL plays a role mainly in long-term Ca21 homeostasis rather than
in the rapid Ca21 responses induced immediately after stimulation.
Remarkably, we also observed elevated basal Ca21 levels in primary
CLL cells with high CD38 expression. Of note, we investigated
CLL cases irrespective of their mutational status. Elevated Ca21
levels have been reported in CLL samples when compared with
other B-cell malignancies (eg, follicular lymphoma, multiple myeloma)
or normal B cells.50,51 Moreover, higher Ca21 levels were reported in
mutated compared with unmutated CLL samples, but a correlation
with CD38 was not tested.51
One intriguing finding is that, in CD38-expressing cells, basal Ca21
affects Rap1 activity in unstimulated cells. In eosinophils, basal
Rap1 activity was reported to be independent of Ca21 concentra-
tion.52 Similarly, Ca21 depletion in control MEC1-GFP cells did not
affect the basal level of active Rap1. However, Ca21 depletion
induced a decrease of Rap1-GTP in MEC1-CD38H and primary
CD38high CLL cells, suggesting that the additional intracellular
Ca21 pool in CD38-expressing cells is specifically involved in
regulating Rap1 activity.
Integration of Ca21 and diacylglycerol signaling with Rap1 activation
can be mediated by the Rap-GEFs RasGRP2 and RasGRP3.38
We found that RasGRP2 was specifically involved in both the
basal and CCL21-induced migration of MEC1-CD38H, but not
MEC1-GFP, cells. Surprisingly, RasGRP2 regulates Rap1 activity in
both MEC1-CD38H and MEC1-GFP cells, indicating that Rap1
activation through RasGRP2 has different cellular effects depend-
ing on the levels of CD38. A possible explanation is that RasGRP2
targets different pools of Rap1 in the 2 cell populations through
differential localization of RasGRP2 and/or Rap1. Indeed, RasGRP2
localization was polarized in MEC1-CD38H compared with MEC1-
GFP cells. Similarly, in primary CD38high CLL cells, RasGRP2 was
highly polarized compared with CD38low cells. This indicates that
CD38 could affect RasGRP2 localization. To date, the mechanisms
regulating RasGRP2 subcellular compartmentalization remain un-
clear. It has been reported that, when ectopically co-expressed in
COS7 cells, Vav-RhoGEFs induce RasGRP2 translocation from the
cytoplasm to the plasma membrane, where it would mediate integrin
activation through Rap1.53 Vav-RhoGEFs are required for BCR-
induced Ca21 mobilization in mouse B cells,54 and thus it would
be interesting to determine whether they also affect RasGRP2
localization in CLL cells.
In summary, our results indicate that CD38 enhances CLL cell
migration by increasing Ca21 levels, leading to Rap1 activation by
the Ca21-sensitive RasGRP2. Migration of CLL cells into lymphoid
tissues is thought to play a key role in CLL pathogenesis because at
these sites proliferation is induced by BCR activation and other
microenvironment-derived signals. Our findings imply that Rap1
contributes to the aggressiveness of CLL associated with CD38
expression, and could thereby enhance BCR signaling. Rap1,
together with its downstream signaling molecules RAPL and
integrins VLA-4 and LFA-1, has a crucial role in leukocyte trafficking,
homing, and retention in lymphoid tissues.55-57 Moreover, consti-
tutive activation of Rap1 was shown to increase the in vivo
dissemination of the lymphoma B-cell line A20.58 Given that
interactions of CLL cells with their microenvironment in lymphoid
organs are crucial for disease progression, it is likely that Rap1 is
involved in CLL cell trafficking. Rap1 signaling could therefore
potentially be targeted for CLL treatment or other diseases involving
CD38, such as multiple myeloma.59
Preclinical studies indicate that CD38 is a potential target for
antibody therapy in CD38-positive hematological malignancies.18,19
The anti-CD38 monoclonal antibody Daratumumab is approved for
the treatment of multiple myeloma and is currently being assessed
for CLL. Anti-CD38 monoclonal antibodies are believed to exert
their antitumor activity through their Fc-dependent cytotoxic effect.
However, recent evidence indicates that they can modulate CD38
enzymatic activity by decreasing cADPR production, which may in
turn lead to decreased Ca21mobilization and signaling.18,60 Further
characterization of CD38-dependent signaling, including the
RasGRP2/Rap1 axis, is therefore important for the design of novel
treatments for CD381 hematological diseases.
Acknowledgments
The authors are grateful to Paul Brennan (Cardiff University, Cardiff,
United Kingdom) for the lentiviral vectors encoding CD38 and GFP.
This work was funded by Cancer Research UK (A.J.R.) and
Bloodwise (S.D.). S.M. was supported by the National Institute for
Health Research Biomedical Research Centre based at Guy’s and
St Thomas’ NHS Foundation Trust and King’s College London.
The views expressed are those of the authors and not necessarily
those of the National Health Service, the National Institute for Health
Research, or the Department of Health.
Authorship
Contribution: S.M., S.D., and A.J.R. conceived the project; S.M. and
E.I. performed experiments; A.G.P. provided information on primary
CLL samples; S.D. and A.J.R. supervised the work; and S.M., S.D.,
and A.J.R. wrote the paper.
Conflict-of-interest disclosure: The authors declare no com-
peting financial interests.
Correspondence: Anne J. Ridley, School of Cellular and
Molecular Medicine, Biomedical Sciences Building, University
of Bristol, University Walk, Bristol BS8 1TD, United Kingdom;
e-mail: anne.ridley@bristol.ac.uk.
References
1. Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic leukemia. N Engl J Med. 2005;352(8):804-815.
2. Schmid C, Isaacson PG. Proliferation centres in B-cell malignant lymphoma, lymphocytic (B-CLL): an immunophenotypic study. Histopathology. 1994;
24(5):445-451.
3. Stevenson FK, Caligaris-Cappio F. Chronic lymphocytic leukemia: revelations from the B-cell receptor. Blood. 2004;103(12):4389-4395.
10 JULY 2018 x VOLUME 2, NUMBER 13 CD38 INDUCES CLL MIGRATION VIA Ca21-RasGRP2-Rap1 1559
4. de Rooij MF, Kuil A, Geest CR, et al. The clinically active BTK inhibitor PCI-32765 targets B-cell receptor- and chemokine-controlled adhesion and
migration in chronic lymphocytic leukemia. Blood. 2012;119(11):2590-2594.
5. Ponader S, Chen SS, Buggy JJ, et al. The Bruton tyrosine kinase inhibitor PCI-32765 thwarts chronic lymphocytic leukemia cell survival and tissue
homing in vitro and in vivo. Blood. 2012;119(5):1182-1189.
6. Herman SE, Gordon AL, Wagner AJ, et al. Phosphatidylinositol 3-kinase-d inhibitor CAL-101 shows promising preclinical activity in chronic lymphocytic
leukemia by antagonizing intrinsic and extrinsic cellular survival signals. Blood. 2010;116(12):2078-2088.
7. Hoellenriegel J, Meadows SA, Sivina M, et al. The phosphoinositide 39-kinase d inhibitor, CAL-101, inhibits B-cell receptor signaling and chemokine
networks in chronic lymphocytic leukemia. Blood. 2011;118(13):3603-3612.
8. Deaglio S, Vaisitti T, Aydin S, et al. CD38 and ZAP-70 are functionally linked and mark CLL cells with high migratory potential. Blood. 2007;110(12):
4012-4021.
9. D’Arena G, Tarnani M, Rumi C, et al. Prognostic significance of combined analysis of ZAP-70 and CD38 in chronic lymphocytic leukemia. Am J Hematol.
2007;82(9):787-791.
10. Majid A, Lin TT, Best G, et al. CD49d is an independent prognostic marker that is associated with CXCR4 expression in CLL. Leuk Res. 2011;35(6):
750-756.
11. Buggins AG, Levi A, Gohil S, et al. Evidence for a macromolecular complex in poor prognosis CLL that contains CD38, CD49d, CD44 and MMP-9. Br J
Haematol. 2011;154(2):216-222.
12. Redondo-Muñoz J, Ugarte-Berzal E, Garcı´a-Marco JA, et al. a4b1 integrin and 190-kDa CD44v constitute a cell surface docking complex for gelatinase
B/MMP-9 in chronic leukemic but not in normal B cells. Blood. 2008;112(1):169-178.
13. De Rossi G, Zarcone D, Mauro F, et al. Adhesion molecule expression on B-cell chronic lymphocytic leukemia cells: malignant cell phenotypes define
distinct disease subsets. Blood. 1993;81(10):2679-2687.
14. Chiorazzi N. Implications of new prognostic markers in chronic lymphocytic leukemia. Hematology Am Soc Hematol Educ Program. 2012;2012:76-87.
15. Howard M, Grimaldi JC, Bazan JF, et al. Formation and hydrolysis of cyclic ADP-ribose catalyzed by lymphocyte antigen CD38. Science. 1993;
262(5136):1056-1059.
16. Lee HC. Structure and enzymatic functions of human CD38. Mol Med. 2006;12(11-12):317-323.
17. Graeff R, Liu Q, Kriksunov IA, Hao Q, Lee HC. Acidic residues at the active sites of CD38 and ADP-ribosyl cyclase determine nicotinic acid adenine
dinucleotide phosphate (NAADP) synthesis and hydrolysis activities. J Biol Chem. 2006;281(39):28951-28957.
18. van de Donk NW, Janmaat ML, Mutis T, et al. Monoclonal antibodies targeting CD38 in hematological malignancies and beyond. Immunol Rev. 2016;
270(1):95-112.
19. de Weers M, Tai YT, van der Veer MS, et al. Daratumumab, a novel therapeutic human CD38 monoclonal antibody, induces killing of multiple myeloma
and other hematological tumors. J Immunol. 2011;186(3):1840-1848.
20. Vaisitti T, Audrito V, Serra S, et al. The enzymatic activities of CD38 enhance CLL growth and trafficking: implications for therapeutic targeting. Leukemia.
Leukemia. 2015;29(2):356-368.
21. Vaisitti T, Aydin S, Rossi D, et al. CD38 increases CXCL12-mediated signals and homing of chronic lymphocytic leukemia cells. Leukemia. 2010;24(5):
958-969.
22. Zucchetto A, Vaisitti T, Benedetti D, et al. The CD49d/CD29 complex is physically and functionally associated with CD38 in B-cell chronic lymphocytic
leukemia cells. Leukemia. 2012;26(6):1301-1312.
23. Ebinu JO, Bottorff DA, Chan EY, Stang SL, Dunn RJ, Stone JC. RasGRP, a Ras guanyl nucleotide-releasing protein with calcium- and diacylglycerol-
binding motifs. Science. 1998;280(5366):1082-1086.
24. Mele S, Devereux S, Ridley AJ. Rho and Rap guanosine triphosphatase signaling in B cells and chronic lymphocytic leukemia. Leuk Lymphoma. 2014;
55(9):1993-2001.
25. Bos JL, de Rooij J, Reedquist KA. Rap1 signalling: adhering to new models. Nat Rev Mol Cell Biol. 2001;2(5):369-377.
26. Pearce L, Morgan L, Lin TT, et al. Genetic modification of primary chronic lymphocytic leukemia cells with a lentivirus expressing CD38. Haematologica.
2010;95(3):514-517.
27. Takesono A, Heasman SJ, Wojciak-Stothard B, Garg R, Ridley AJ. Microtubules regulate migratory polarity through Rho/ROCK signaling in T cells. PLoS
One. 2010;5(1):e8774.
28. Barr VA, Bunnell SC. Interference reflection microscopy. Curr Prot Cell Biol Chapter 4:Unit 4 23.
29. Lawson CD, Burridge K. The on-off relationship of Rho and Rac during integrin-mediated adhesion and cell migration. Small GTPases. 2014;5(1):
e27958.
30. McLeod SJ, Gold MR. Activation and function of the Rap1 GTPase in B lymphocytes. Int Rev Immunol. 2001;20(6):763-789.
31. Ridley AJ. Rho GTPase signalling in cell migration. Curr Opin Cell Biol. 2015;36:103-112.
32. Hofbauer SW, Krenn PW, Ganghammer S, et al. Tiam1/Rac1 signals contribute to the proliferation and chemoresistance, but not motility, of chronic
lymphocytic leukemia cells. Blood. 2014;123(14):2181-2188.
33. Aarhus R, Graeff RM, Dickey DM, Walseth TF, Lee HC. ADP-ribosyl cyclase and CD38 catalyze the synthesis of a calcium-mobilizing metabolite from
NADP. J Biol Chem. 1995;270(51):30327-30333.
1560 MELE et al 10 JULY 2018 x VOLUME 2, NUMBER 13
34. Churchill GC, Okada Y, Thomas JM, Genazzani AA, Patel S, Galione A. NAADP mobilizes Ca(21) from reserve granules, lysosome-related organelles, in
sea urchin eggs. Cell. 2002;111(5):703-708.
35. Liu Q, Kriksunov IA, Graeff R, Munshi C, Lee HC, Hao Q. Crystal structure of human CD38 extracellular domain. Structure. 2005;13(9):1331-1339.
36. Franke B, Akkerman JW, Bos JL. Rapid Ca21-mediated activation of Rap1 in human platelets. EMBO J. 1997;16(2):252-259.
37. Zucchetto A, Bomben R, Dal Bo M, et al. CD49d in B-cell chronic lymphocytic leukemia: correlated expression with CD38 and prognostic relevance.
Leukemia. 2006;20(3):523-525, author reply 528-529.
38. Stone JC. Regulation and function of the RasGRP family of Ras activators in blood cells. Genes Cancer. 2011;2(3):320-334.
39. Crittenden JR, Bergmeier W, Zhang Y, et al. CalDAG-GEFI integrates signaling for platelet aggregation and thrombus formation. Nat Med. 2004;10(9):
982-986.
40. Cifuni SM, Wagner DD, Bergmeier W. CalDAG-GEFI and protein kinase C represent alternative pathways leading to activation of integrin alphaIIbbeta3
in platelets. Blood. 2008;112(5):1696-1703.
41. Ghandour H, Cullere X, Alvarez A, Luscinskas FW, Mayadas TN. Essential role for Rap1 GTPase and its guanine exchange factor CalDAG-GEFI in LFA-1
but not VLA-4 integrin mediated human T-cell adhesion. Blood. 2007;110(10):3682-3690.
42. Shimonaka M, Katagiri K, Nakayama T, et al. Rap1 translates chemokine signals to integrin activation, cell polarization, and motility across vascular
endothelium under flow. J Cell Biol. 2003;161(2):417-427.
43. McLeod SJ, Li AH, Lee RL, Burgess AE, Gold MR. The Rap GTPases regulate B cell migration toward the chemokine stromal cell-derived factor-1
(CXCL12): potential role for Rap2 in promoting B cell migration. J Immunol. 2002;169(3):1365-1371.
44. Ishida D, Su L, Tamura A, et al. Rap1 signal controls B cell receptor repertoire and generation of self-reactive B1a cells. Immunity. 2006;24(4):417-427.
45. Seifert M, Sellmann L, Bloehdorn J, et al. Cellular origin and pathophysiology of chronic lymphocytic leukemia. J Exp Med. 2012;209(12):2183-2198.
46. Tiwari S, Felekkis K, Moon EY, Flies A, Sherr DH, Lerner A. Among circulating hematopoietic cells, B-CLL uniquely expresses functional EPAC1, but
EPAC1-mediated Rap1 activation does not account for PDE4 inhibitor-induced apoptosis. Blood. 2004;103(7):2661-2667.
47. Pye DS, Rubio I, Pusch R, Lin K, Pettitt AR, Till KJ. Chemokine unresponsiveness of chronic lymphocytic leukemia cells results from impaired endosomal
recycling of Rap1 and is associated with a distinctive type of immunological anergy. J Immunol. 2013;191(3):1496-1504.
48. Partida-Sa´nchez S, Cockayne DA, Monard S, et al. Cyclic ADP-ribose production by CD38 regulates intracellular calcium release, extracellular calcium
influx and chemotaxis in neutrophils and is required for bacterial clearance in vivo. Nat Med. 2001;7(11):1209-1216.
49. Partida-Sa´nchez S, Goodrich S, Kusser K, Oppenheimer N, Randall TD, Lund FE. Regulation of dendritic cell trafficking by the ADP-ribosyl cyclase
CD38: impact on the development of humoral immunity. Immunity. 2004;20(3):279-291.
50. Du¨hren-von Minden M, U¨belhart R, Schneider D, et al. Chronic lymphocytic leukaemia is driven by antigen-independent cell-autonomous signalling.
Nature. 2012;489(7415):309-312.
51. Muggen AF, Pillai SY, Kil LP, et al. Basal Ca(21) signaling is particularly increased in mutated chronic lymphocytic leukemia. Leukemia. 2015;29(2):
321-328.
52. Ulfman LH, Kamp VM, van Aalst CW, et al. Homeostatic intracellular-free Ca21 is permissive for Rap1-mediated constitutive activation of alpha4
integrins on eosinophils. J Immunol. 2008;180(8):5512-5519.
53. Caloca MJ, Zugaza JL, Vicente-Manzanares M, Sa´nchez-Madrid F, Bustelo XR. F-actin-dependent translocation of the Rap1 GDP/GTP exchange factor
RasGRP2. J Biol Chem. 2004;279(19):20435-20446.
54. Bustelo XR. Vav family exchange factors: an integrated regulatory and functional view. Small GTPases. 2014;5(2):9.
55. Katagiri K, Ohnishi N, Kabashima K, et al. Crucial functions of the Rap1 effector molecule RAPL in lymphocyte and dendritic cell trafficking. Nat Immunol.
2004;5(10):1045-1051.
56. Hogg N, Patzak I, Willenbrock F. The insider’s guide to leukocyte integrin signalling and function. Nat Rev Immunol. 2011;11(6):416-426.
57. Kometani K, Ishida D, Hattori M, Minato N. Rap1 and SPA-1 in hematologic malignancy. Trends Mol Med. 2004;10(8):401-408.
58. Lin KB, Tan P, Freeman SA, Lam M, McNagny KM, Gold MR. The Rap GTPases regulate the migration, invasiveness and in vivo dissemination of B-cell
lymphomas. Oncogene. 2010;29(4):608-615.
59. Quarona V, Ferri V, Chillemi A, et al. Unraveling the contribution of ectoenzymes to myeloma life and survival in the bone marrow niche. Ann N Y Acad Sci.
2015;1335(1):10-22.
60. Matas-Ce´spedes A, Vidal-Crespo A, Rodriguez V, et al. The human CD38 monoclonal antibody daratumumab shows antitumor activity and hampers
leukemia-microenvironment interactions in chronic lymphocytic leukemia. Clin Cancer Res. 2017;23(6):1493-1505.
10 JULY 2018 x VOLUME 2, NUMBER 13 CD38 INDUCES CLL MIGRATION VIA Ca21-RasGRP2-Rap1 1561
